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ABSTRACT
Title: A Preliminary Study on the Relation Between
Polar Wandering and Seismicity
Author: Cheh Pan
Submitted to the Department of Geology and
Geophysics in May, 1963 in partial fulfil-
lment of the requirements for the degree of
Master of Science at the Massachusetts
Institute of Technology
The Main purpose of this paper is to attempt to
draft a new proposal for the long-unsolved problem of the
dynamical theory of polar wandering, using the hint offered
by seismicity or the dynamics of earthquakes. Thus at
first the geographical distribution and the structural
aspects of earthquake zones are generally surveyed. The
earthquake zones are more or less coincidental with the
orogenesis belts. Their activity is found nearly proport-
ional to the age of orogenic belts. A study of paleo-
orogenic belts may give clues to the course of polar
wandering, if the dynamics of polar wandering is related
to seismicity, as discussed in this paper.
The thermal energy stored and generated in the
earth's interior is probably the main source of energy
which may control all the geological and geophysical
processes in the earth. And heat flow may be its major
form of normal dissipation. Actual world-wide measure-
ments of heat flow have shown that the flow has regional
variations and the variation is related to the topographic
and structural features on the earth's surface. Thus, a
statistical approach is attempted to connect the heat
flow with the phenomenon of earthquake regions, and the
earthquake regions will be considered on the basis of the
phenomenon of isostatic compensation in the lithosphere.
The heat generation in the earth's interior is
roughly estimated on the basis of the radioactivity of
rocks and meteorites that can be collected on the earth's
surface. The heat generation in the earth's interior is
found to be at least two times the energy normally dis-
sipated in the earth. The "residual" energy should be stored
in the earth's interior, probably mostly in the earth's
outer shell, which would tend to raise the stress level
of the outer shell. So that the outer shell is assumed
to be under thermal stress, and its energy storage is
obtained from the three-dimensional strain-energy equation.
It is found that the energy storage in the lithosphere is
larger than in the asthenosphere. And the low-velocity
zone is considered to be a transition junction of heat
transportation from dominantly convection and radiation
under the zone to dominantly conduction above the zone.
Moveover, the energy stored in the outer shell is found
to be much larger than that released by ordinary earthquakes.
From these facts the phenomenon of the occurrence of a
"great shock" along the earthquake zones which would release
the energy regionally accumulated is thus deduced. This
"great shock" would cause a torque which may throw thex
earth's solid shell out of balance. This would result
in the relative movement of continents and ocean basins
or so-called continental drift, and consequently the total
shift of the solid shell over the liquid core. This
phenomenon of polar wandering seems to be compatible with
the aperiodic catastrophisms which occurred during the
geologic time, and which have served geologists for the
division of time into g*alogical epochs. A very ap-
proximate estimation of the order of magnitude of the
torque shows that it may exceed all the other possible
causes of polar wandering almost by a factor of about 107.
Thesis Supervisor: Dr. S.M. Simpson, Jr.
Title: Associate Professor of Geophysics
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I. INTRODUCTION
The polar wandering or the shift of the earth's ro-
tation axis, whether it is discussed in the form of conti-
nental drift or the shift of the whole solid shell, is one
of the basic, and most controversal, problems in earth
sciences. Fifty years ago, a German meteorologist, Alfred
Wegener, first pointed out the possibility of the continen-
tal drift. But, at that time, because a decisive test was
lacking, arguments on the part of geophysicists were stron-
ly against the idea of continental drift. Recently, with
the advances in earth sciences, this idea is again coming
to be of interest to many earth scientists. Recent dev-
elopments in studies of rock magnetism, of paleoclimato-
logy, of paleogeography, and also of paleontology show
convincing evidence that the earth's poles have wandered
during the geological time.
Historically, the geological sciences are based
totally on the assumption that the relative positions of
the continents and oceans have never been changed signi-
ficantly since the birth of the earth, Perhaps just bee-
cause of sticking on this assumption, the classical geo-
logy seems to always meet formidable puzzles from field
observations. In order to solve those puzzles, all the clas-
sical geologists can do is merely rove around a standstill
crust and try desperately to find out some "seemingly rea-
sonable ' interpretations such as: the theory of drastic
climate change and the world-wide sea-transgression and
regression during the geological time, the theory of self-
sinking of geosynclines due to the weight of its own
sediments, the theory of the formation of the submarine
canyons by the heavy turbidity currents, etc. These are,
mostly, found "unreasonable" themselves and have left the
problems still unsolved. Moreover, as field geological
observations continue, more puzzles will be continuously
rising and many of them can almost never be interpreted
by classical geology knowledge; for example, as the writer's
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own experience, along the western coast of the Taiwan
Island, there is a wide-spread very recent gravel bed with
a thickness well over one thousand meters, Gravel bed,
as usually known, is definitely a kind of near sea shore
or very shallow water deposit6which cannot reach at a very
large thickness by normal deposition, How can classical
geology come to interpret such a large thickness actually
measured in the field without ambiguously classifying the
bed into "geosynelinal deposits"? In order that all the
puzzles be solved, therefore, why not come to question
the fundamental assumption? But, of course, it could
only be done with the help of the other fields in earth
sciences, perhaps mainly by that of geophysics.
Although increasing evidences which conformably
show that the earth's poles have been wandering through
geological time have been discovered in several unrelated
fields, the main difficulties of this problem is that,
as pointed by Runcorn (1962) "first, that it is difficult
to believe that if continental drift had taken place it
had occurred so late in geological time, and secondly,
that no tenable dynamical theory of continental drift
had been proposed since the hypothesis was first put
forward.' Actually, from the geological point of view, the
first problem is not serious at all, if the second
problem is solved4 >ltrg geophysicists have attempted
to solve the second problem. Since, forces from outside
of the earth could not be large enough to cause repeated
shifts of the earth's axis. The geophysicist must look
for these forces inside the earth itself. Numerous
hypotheses have been posed during the last several decades.
Unfortunately, all of them have met with serious objections.
Gutenberg (1951, 1959) suggests that it might not be one
single force causing the movement in the earth, but that
the movement is probably a result of the combination of
several causes. In principle, this suggestion is correct.
Yet the writer feels that among those several causes,
there should be a major one which would initiate the move-
ment; the other forces would tend to adjust it. Based
on this phenomenon, the writer begins the investigation
of the problem from the hint of seismicity or dynamics
of earthquakes, then transfers the problem of forces to a
problem of energy. , From recent studies, we know that the
thermal energy generated and stored in the earth's in-
terior is definitely greater than that normally dissipated.
Thus, we have energy available to produce a force or
torque in the earth's outer shell by means of the dynamics
similar to that of earthquakes ("great shock" is thence
named). The mechanism of the resulting shift can easily
be resolved if we consider the exertion of the force or
torque on the earth together with the law of conserva-
tion of angular mementum,
Because of the writer's limited experience, and a
relatively short time available for so big a problem,
this paper is merely, as indicated in the title, a pre-
liminary study. But, if further studies are continued,
new data obtained, and the writer's idea proven correct
in principle, this idea might help to solve the dynamical
problem associated with polar wandering,
II. THE GEOGRAPHICAL DISTRIBUTION AND
THE STRUCTURAL ASPECTS OF EARTHQUAKE ZONES
It has long been known that earthquakes are regional
in distribution and irregular in energy and depth, The
earth's outer shell is supposed to be randomly fractured,
Geographically, Gutenberg and Richter (1954) have divided
the whole earth into 51 regions (Fig. 1) and them grouped
them into the following seven divisions:
1. the circum-Pacific belt,
2. the Mediterranean and trans-Asiatic zone
with the Alpide belt,
3, other narrow belts,
4. rift zone internal to the stable masses,
5. active areas marginal to the continental
stable masses,
6. minor seismic areas (mostly characterized by
older orogenies),
74 stable masses.
Considering these seven divisions together with the world
maps of earthquake foci also prepared by Gutenberg and
Richter (Fig, 2 and 3), it may be noticed that the fre-
quency of occurrence of earthquakes in a division is ap-
proximately identical to the degree of orogenic activity
of the division, That is to say, the more stable masses
show less seismic activity. Furthermore, as we know from
geological studies, the stable- masses, or the so-called
shields or cratons which form the nuclei of continents,
consist of older and more rigid rock masses. The oro-
genic belts, on the contrary, consist of younger rocks.
So, we may say that, the frequency of occurrence of earth-
quakes in a division is inversely proportional to the age
of the rock masses in that division. There are also evi-
dences from geological observations for this feature. For
instance, by studying the tectonic maps of different ages
prepared by Umbgrove (1947), we can easily find that the
most active earthquake zones of modern time coincide quite
4.
Figure 1. Index map of numbered regions
(After Gutenberg and Richter, 1954)
Figure 2. World map of shallow earthquakes: class a 1904-1952; class b
1918-1952
(After Gutenberg and Richter, 1954)
Figure 3. World map of deep-focus earthquakes:
all known shocks of magnitude 7 and over, 1905-1952
(After Gutehberg and Richter, 1954)
well with the most recent orogenic belts, the less active
coincide with the older ones. Now, if we accept the
theory that the stable masses were formed by means of the
gradual rigidification of older orogenic belts around some
already rigid nuclei, it follows that there were more active
earthquake zones distributed in the earth in the past than
today. However, it is not necessary that the occurrence of
earthquakes in each zone was more frequent in the past
than today. In other words, the distribution of earthquakes
may be different from time to time. If we accept the
fact that the shifts of the earth's solid shell and/or
the relative drifts of the continents had really occurred
in the past, as indicated by the evidences from paleomagneic,
paleontological, and paleoclimatological studies, then the
study of the distributions of paleo-orogenic belts may
give some very important clues as to the courses of the shifts
and to the magnitude of the torque which causes the shift.
Earthquakes are, as shown by the investigations
of Benioff and Ritsema, supposed to be caused by tangential
stresses, homogeneous in all direction. But, the distri-
bution of stresses in 'the earth's outer shell depends upon,
as pointed out by Lomnita (1962), the shape of the tectonic
features; that is, stresses may concentrate on certain
areas, such as sharp continental edges or similar configu-
rations, and may reach several times the average value of
stresses over the outer shell in these areas. Thus, if
the stress level of the outer shell is raised by certain
processes of energy conversion, failure conditions would
be expected to develope primarily along major disconti-
nuities or fractures in the outer shell. This phenomenon
is, generally, supported by the observations on the geo-
graphical distribution of earthquakes we have 4lscussed
in the preceeding paragraph.
After a study of eight regions along the circum-
Pacific belt in which the orogenic activity is still in
progress, Benioff (1954) shows that "the principal oro-
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genic structure responsible for each of the great linear
and curvilinear ranges and oceanic trenches is a complex
reverse fault:" He divides these great faults into two
basic faults: oceanic and marginal. The oceanic faults
extend from the surface to depths of 550 to 700 km and ex-
hibit an average dip of 61', The marginal faults extend
from the surface to a depth of 200 to 300 km with an
average dip of 33', then the dip changes abruptly to 60'*
down to a depth of 6564 km. Both of the oceanic and mar-
ginal great faults, are extended to several hundred kilo~
meters in width. Therefore, instead of the "complex reverse
fault," "fault zone" or "geofracture zone" -(Cook, 1962)
may be the better terminology. Within these "zones,"
minor faults may occur in a random model. The line of
intersection of two possible fault planes in some areas
lies more or less parallel to the strike of the major fault
zones, McIntyre and Christie suggest, moreover, that the
direction of these lines are identical with the fold axes
of the orogenic belts. These identifications would imply
that the fault zones may represent failures along the
folded weaker part of the outer shell (orogenic belts)
that have resulted from compressions due to the relative
movements of the stronger stable masses and ocean basins.
By studying the world maps of earthquake foci,
(Fig. 2 and 3) it is clear that among the seven geographical
divisions of earthquake zones, the circum-Pacific belt is
the most active and the most important one at the present
time. This belt, which coincides, in most instances, with
the recent orogenic belt, encircles both eastern and
western margins of the Pacific Ocean and forms approximately
two great circles along both margins. But they are not
symmetrical for more than half of all earthquakes in the
world occur along the western one, These two great
circles may play very important roles in the shift of the
rotation axis of the earth.
Many investigations show that the faults along the
two great circles of the circumi-Pacific belt are mostly
6.
transcurrent and dextral. This means most shallow earth-
quakes occur as results of the transcurrent or strike-
slip faulting. Based on this fact, Benioff (1959) and
St. Amand (1959) suggest counterclockwise rotation of the
Pacific Basin. Benioff has calculated that a complete
revolution of the Basin takes approximately 3x109 years.
He also points out that, besides the principal movement
parallel to the Ocean margin, there is a second movement
approximately normal to the margin (Fig. 4). Though
this hypothesis of the rotation of the Pacific Basin still
needs more geological and geophysical observations to
support it, it may be said that if any part of the earth's
outer shell did move, it would cause a torque in the outer
shell which would tend to throw the earth out of balance.
In order to keep the angular momentum constant, a couple
or couples would occur within the earth, most possibly
along the boundary between the mantle and the core, or
in the low-velosity zone which then may cause the shift
of the solid shell relative to the core, and/or the
relative drift of the continents.
IwJ
Figure 4. Principal fault slip pattern
of the circum-Pacific margins
(Af ter Beniorff, 1959)
III. HEAT FLOW AND THE EARTHQUAKE REGIONS
We know that the energy which tends to raise the
stress level in the earth's outer shell by means of cer-
tain processes of conversion and then causes failure
along geofracture zones is mainly of thermal origin; that
is, the thermal energy generated in the earth's interior,
The thermal energy, which may influence most geological
and geophysical processes in the earth, often reveals it-
self in the form of heat flow through the earth's sur-
face. Investigations show that the thermal energy gene-
rated in the earth's interior may be much larger than the
heat flow which escapes into the space each year. But
heat flow is one of the major dissipations of the thermal
energy in the earth. The study of heat flow may give im-
portant clues on the understanding of the thermal proper-
ties in the earth's interior. Thus before going into our
main problems, we shall consider some aspects of heat flow
in the earth's outer shell,
Heat flow, which is simply the product of the tem-
perature gradient and the thermal conductivity, can be
written as
3-1
Where H denotes the heat flow, T is temperature, and z is
the depth. dT/dz is the temperature gradient, and h is
the thermal conductivity of the rocks in which the gra-
dient is measured. The surface heat flow of the earth
has, as indicated by measurements from many parts of the
world, shown a tendency of regional variations. These
variations seem to be related closely to the topographic
and structural features on the earth's surface. General-
ly, it has high values in the regions of orogenic belts
and suboceanic rises and low values in deep trenches.
However, it shows little difference beneath the continents
and oceans. The average value of heat flow over the whole
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earth is of the order of 1.2x10 cal/cm -sec. This
amounts to 2x102 0 cal/yr for the whole earth or at least
twenty times the volcanic energy, and more than 800 times
the revised seismic energy (Gutenberg, 1959). Other
sources of heat escaping from the earth include the volcanic
energy which is about 10A9 cal/yr, the seismic energy which
is about ?.2x1017 cal/yr, the energy needed for other geo-
logical processes such as the heat carried to the surface
by the hot springs, the expenditure of potential energy
for uplifting of some orogenic areas, the energy required
in maintenance of the average elevation of the continents
against erosion, which as a whole are about 1019 cal/yr,
considering these the total energy released by the earth
202is about 2.3x1020cal/yr, or 1.4x10"6 cal/cmP-see. This
is a considerable amount of energy and needs a considerable
source to maintain it,
The source of thermal generation in the earth is
now generally believed to be mainly the radioactivity of
rocks in the earth's interior, together with a part of
original heat (no more than 29%) which may be carried up
by slow convection and radiation in the depths of the
earth. The radioactivity of rocks generally varies
inversely with the silica content. Thus, the more siliceous
igneous rocks such as granites (with about 65% si02)
which in turn are more radioactive than basalta or gabbros
(with 50-55% Si2) which in turn are more radioactive than
stone meteorites (45% sio2 ) or dunites (40% si02 ). For
this reason, the radioactivity is supposed to be more con-
centrated in the upper part of the earth's solid shell.
It is well known that granites are the most common rocks
in the continental crust and that the ocean floor is more
basaltic. Therefore, it might be expected that the heat
flow through the ocean floor would be less than that
through the continents. But this is not really the case,
since from actual measurements we know that the average
value to heat flow through the ocean floor is slightly
higher than that through the continents, This is quite
9.
puzzling the most probable reason is that the radioactive
elements beneath the ocean floor might concentrate in the
upper mantle and thus the radioactivity there would be
much greater than that of ultrabasic rocks or stone-
meteorites. The heat produced both by the radioactivity
in the oceanic crust and the radio- and biological activity
of the overlying sediments as a whole are less than 11%
of the oceanic surface heat flow; that means that there is
a striking difference between the mantle that is beneath
the oceans and that beneath the continents (Bullard,
axwell, and Revelle, 1956). In order to explain this dif-
ference, Birch has suggested that the oceanic heat flow
should be about the same as the continental one, the only
difference between oceans and continents being that the
latter represent areas where the original radioactive mat-
ter of the mantle, or a large part of it, has been swept
up toward the surface and concentrated in the crust.
It does not matter to us how the radioactive elements
are distributed in the earth. The important fact is that there
is very little difference in the values of heat flow of the
oceans and of the continents. The content of radioactive
elements of the earth is more abundant than needed to pro-
duce the surface heat flow (refer to Table V-I). For
instance, Verhogen (1960) estimates that a column of granite
with a cross-section of 1 cm2 and a height of 35 km would
generate 2.lXl06 cal/cm2 -sec. of heat, which is almost
twice the observed heat flow even without allowance for
either original heat or radiogenic heat liberated in the
underlying mantle and core. And even 25 lou of granite
resting on 10 km of basalt would still produce more heat006 2(about 1.6x106 cal/cm -sec.) than that of the normally
dissipated.
From those estimations, it is reasonable to say that
there should be a considerable amount of thermal energy
which would have no way to escape from the earth normally
because of the low thermal conductivity of the earth, and
hence would be stored in the earth, probably mostly in the
10.
upper portion of the solid shell. It would tend at first
to raise the stress level of the outer shell. If the
accumulation of this "residual" energy goes on continuously,
it would finally cause melting at a depth of a few hundred
kilometers even when allowance is made for the increase in
melting point with pressure. But melting is contrary to
the seismic evidence, and the strength of the earth would
not allow the presence of a fluid layer near its surface.
Therefore, in order to avoid melting at the depth, there
might be a relatively sudden release of a large amount of
energy (compared to the total energy normally released by
all means each year) after a considerable period of accumu-
lation. This possibility of sudden release of energy
suggests a relation between the dynamics of earthquakes
and the shift of the earth's solid shell, This will be
discussed in more detail in the later sections.
Though the measurements of heat flow around the world
are still not complete for any conclustve deductions, the
fact that, as has been pointed out, the regional variations
of heat flow and their correlation to the topographic and
structural features seems nearly clear. The regional
variations may indicate that the convection has played
an important role in transport of heat in the mantle,
as suggested by Vening Meinesa (1958). The normal thermal
conductivity of the solid shell is so small that, even
after allowance for possible effects of pressure, no heat
generated in the deeper parts could reach the surface in
times conensurate with the age of the earth, if the heat
is transported by conduction only. If the convention is
really to occur in the mantle, then the high values of heat
flow may be easily interpreted as areas where the currents
of hot material are rising, while low heat flow values
indicate downward flow. We will not go into the con-
vection theory any further, but will pay more attention
to the regional variations of heat flow and their association
with topographic and structural features. These regional
11.
variations are closely connected with the isostatic com-
pensation, and with the phenomenon of "earthquake regions."
Lomnitz has applied the theory of breakage or
fragmentation process to the problem of the dynamics of
earthquakes and, outlines a stochastic model for earthquake
events. He assumes that the earth's outer shell can be
divided into a finite number of stable units or "earthquake
regions" which are "the largest tectonic blocks capable
of working as a mechanical unit." He compares these regions
to the hydrologic watersheds because of their analogousness
in subdivision, common source of energy (water), and the
proportionality of their energy stored to their dimensions,
Then after performing some mathematical derivations, he
concludes that for large subdivision both the size and
energy distributions of earthquake regions are, to any
desired approximation, asymptotic to a lognormal distriub-
tion of the form
r
3-2
where 4y) e (J X dA3-3
But he has not clearly defined the size of earthquake regions,
Here, in view of the importance of the size of an earthquake
region in the problem of energy storage in the outer shell,
we will try to specify it in connection with the phenomenon
of isostatic compensation, since the isostacy is the main
mechanism which keeps the rigid part of the outer shell in
near equilibrium. But, it should be noted here that the
earthquake regions defined by means of isostacy are only
workable in the lithosphere or the upper portion of the outer
shell, for the isostatic compensation is only effective in the
crust and the crust-mantle-mix zone below the Moho (Griggs,
1960).
12.
Finally, we should assume that the earth's outer
shell is randomly fractured and that the fracturization
follows the theory of breakage, though among those "geo-
fractures," some are still active in the occurrence of
earthquakes, such as the circum-Pacific belt, and some are
less or even inactive, such as the internal rift zone in
stable masses. Then we choose a dimensional parameter or
the size of earthquake regions, X, which is presumably,
according to Lomnitz, a function of volume. Now, if we
accept the Vening Meinesz regional isostatic system '
(Heiskanen and Vening Neinesz, 1958) as the basic mechanism
of isostacy, then I can be expressed by two parameters of
isostacy, the radius of the regionality of isostatic com-
pensation Rm (or simply regionality) and the normal thick-
ness of the isostatic blocks d, both of them being elements
of volume. Actually Rm can also be written as a function
of d; i.e.,
j/*rZ A- /2(f'-fl}
where m is Poisson's constant, R is the elastic modulus
of the rigid part of the outer shell, g is gravity, f '
is the density of the rocks beneath the isostatic blocks,,
and f is the density of the isostatic mass. Thus, I de-
pends on d only. Now, for the simplest case, we may assume
that the earthquake regions are geometrical forms such
as, for example, a circle. Then, I can be expressed as
P
7T / L,670*3-5
where R (' 2 E 3  is the sinking
/ /2fsp Sjg
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of the region (refer to Fig. 5), and C is a parameter sho-
wing the variation of R. 3-5 is the simplest form of the
size of earthquake regions. It may be used for estimating
the order of magnitude of
the size. For instance,
12if we take m- 4, E = 10
dynes/cm* f> - 3.3 gm/
cm3, F = 2.8 gm/cm3 , and
d a 60 km, the average
thickness of the isostatic
layer, then Rm a 408.7 km
and hence, X - 3.15x107 km3,
where the contribution of
the regional sinking (the
second term of the right Fig. 5 Symbolic
side of 3-5) to the total Earthquake Region Model
value of X is very little
compared to the main body
and is therefore negligible. Thus, we may rewrite 3-5
for the more general case, as
2leo
_ A§a (~ 3-6
where n is a number presumably determined by the shape of
the region, 0.*- 0, 0A= 2i-, K1 is a constant determined
by the physical conditions of the region, and R C.
17T/ /2(flfJt , where C is a function of 0 and de-
termined also by the shape of the region. Therefore, we
have defined the size of generalized earthquake regions.
After the defining of earthquake regions, we now
come back to the problem of the regional variations of
heat flow. Because of the linkage of the regional structural
features with isostacy, we may, by applying techniques
similar to those used for defining the earthquake regions,
derive a random variable which we can call the "heat flux
14.
of an earthquake region". This variable may serve some
statistical purpose in the studies of heat flow and the
associated thermal energy phenomena.
First, we introduce a two-dimensional parameter
depending presumably on Rm, the regionality of isostatic
compensation, as follows,
3-7
or for more general cases,
2 3-7a
where K is a constant determined by the physical conditions
of each region. Compare 3-7a with 3-6. We find immedi-
ately that A actually is the surface area of earthquake
regions. It is thus lognormal in distribution, since the
size of earthquake regions is lognormal. Secondly, we take
the rate of the regional heat flow to be another random va-
riable, H3, which is also assumed to be lognormal because
of its close relation to regional structural features.
Therefore, by means of the reporductive theorem (Aitchison
and Brown, 1957), the heat flux of an earthquake region,
pip is defined as
3-8
which is also lognormal since both A and H are lognortnl.
Its distribution function is, naturally, analogous to
3-3, i.e.,
b~p '4%dp))3-9
where ,2 is its variance and} 4is its mean. These can
be expressed as
15.
and
A/p==44 NN3-10
where g 2r gandQ4/,/4 are the variances and means of
A and H respectively. In addition, if there are Ke
earthquake regions in the whole earth, then the oman heat
flux of the earthquake region over the whole earth is
3-11
16.
IV. THE EARTH MODEL
Before going further into our main problems, it is
worthwhile to outline a simple earth model here, in order
to understand better the problems with which we are con-
cerned.
1. The Shape of the Earth
The earth generally is considered as a spheroid,
equally flattened at both poles and bulging at the equator,
with a mean equatorial radius of 6378,388 km and a polar
radius of 6356,912 km. But, the recent studies of varia-
tions in the orbit of 1958 Beta (Vanguard I) show that the
traditional concept must be slightly modified (O'Keefe et
al., 1959a, 1959b). Actually the earth resembles somewhat
a pear (Fig. 6). Calculations on gravity variation imply
15 meters of undulation in the geoid, in the form of a
15-meter rise at the North Pole from the general flatte-
ning of the globe there, and 15 meters of additional flat-
tening at the South Pole. Also, a flattening of 7.5 meters
is indicated in the middle latitudes of the Northern
Hemisphere, balanced by an equivalent bulging in the mid-
dle latitudes of the Southern Hemisphere. But, for the
sake of simplification, it is usual to consider the earth
as a solid sphere of a mean radius of 6371 km as we will
do in this paper. Because of its relatively low etteptrui-
city (about 1/297), a solid sphere model will not intro-
duce too many errors and is sufficiently accurate for
most of the calculations in this paper.
2. The Internal Structure of the Earth
Most of our information about the earth's interior
is from seismology, which has revealed to us that there Are
three principal discontinuities within the earth's in-
terior and therefore that the earth's interior is divided
into four clear-cut units; starting from the surface in order
of increasing depth, they are: the crust, the mantle, the
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Fig. 6 Concepts of the Earth's Shape. Solid
line represents a perfect sphere; dotted line
indicates the traditional view of flattening
at the poles and bulging at the equator; dashed
line depicts slightly pezc-shaped earth sugges-
ted by perturbations in the Vanguard I orbit.
Both dotted and dashed lines greatly exagge-
rate the actual deviations from a perfect
sphere. The exaggeration of the dashed lines
is especially great in order to emphasize the
new findings; actual distances at the poles
from the solid to the dotted line are about
1000 times as great as from the dotted to the
dashed line.
(After O'Keefe et al., 1960)
outer core and the inner core, Among these four units
we are most interested in the crust and the upper part of
the mantle, for all earthquakes occur in this region and
also most thermal energy is generated and stored in this
region. This is a layer of about 700 Ion in thickness and
we will give it the name "outer shell" in order to distinguish
it from the "solid shell" which includes the crust and the
whole mantle.
The outmost rigid shell of the earth is, as we
usually call it, the crust, which has a mean thickness of
the order of 30-40 o1 in average continental areas, and
about 5-8 Io below the ocean floor. Generally, its thick-
ness varies in accordance with the surface topogrph4
and structural features and is somewhat greater under moun-
tain a-ges. Compared to the whole earth, the curst is
a very thin layer and ita mass is an almost inanificant
fraction of the earth's total mass. It ifs separated from
the underlying layer generally by the Mohorovicic discontinuity
or the ?$ho and, in oogarison with the underlying layers, it
ia quite heterogeneous and may itself be divided into so-
veral eublayers. Its composition is mainly of light,
aillele rocks of sedimentary, igneous and probably mostly
metamorphic origin. In continental areas, the most abund-
ant rock exposed at or near the surface is akin to granite,
which has a density of 2,67j and is assumed to have a mean
thicknes of 25 km. Beneath the ailicio granite layer
is a moro matte basaltie layer which has a higher density
or 3,00 and is assumed to have a mean thickness of about
10 kcm. The basaltic layer is presumably separated from
the upper stilicie layer by the Conrad discontinuity. On
the other hand, the crust under the oceans, from information
obtained from seiamology, consists or a thin veneer of
unconsolidated sedimenta ot less than 1 km in thiekness and
UV a density O 2.0, Then underlying it are, successively,
a layer of sediments of a mean thickness of 2.5 km with a
density of 2.7, and a layer of basalt of a mean thickness of
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5 km with a density of 3.00, which is separated from the
mantle by the Moho in the same way as is the basaltic layer
in the continental areas. The MWho, which separates the
crust and the mantle, generally shows variations in depth
which reflect the compensation for high topography on the
surface, and is usually associated with a thickening of the
more dense, intermediate, basaltic layer rather than a
thickening of the less dense, silicie top layer. The
thickening sometimes reaches to 50-55 kms. The depth var-
iation of the Moho demonstrates that isostacy is a basic
tectonic mechanism in the crust. But the maintenace of
isostacy requires, as pointed out by Barrell as early as in
1914, a layer of "asthenosphere" with smaller yield strength
underlying the relatively strong, mainly crustal "lithosphere."
This idea has now been confirmed by Gutenberg and others;
that is:, a little below the ?bho there is a world-wide,
low-velocity, plastic layer.
More recent studies show that the Hoho, which ordi-
narily is considered as a sharp boundary of the crustal
intermediate (basaltic) rocks and the ultrabasic material
of the upper mantle, may have a considerable thickness;
and the sharp contrast in density, instead of an abrupt"
chemical change from basaltic to ultrabasic material, is
now thotght to be a contact between different pressure-
temperature phases, the chemical change being rather gradual.
Thus there might be a mantle-crust-mix or transition layer
between the crust and the low-velocity zone below (Cook,
1962). Moreover, in this transition layer, the isostacy
is still effective, as shown by seismic and gravity
measurements at sea (Griggs, 1960). Thus it is reasonable
and convenient to put the crust and the transition layer
together and to give to this combined layer the name
"lithosphere". The lithosphere then consists of the rigid
part of the outer shell, and its mean thickness is about
60 km, which corresponds to the depth of the shallow
earthquake zone.
The low velocity zone is rather ill-defined and
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occupies a region some 60 to 250 km below the surface.
Its boundaries are not sharp but transitional (Anderson,
1962). Verhogen (1960) estimates that the temperature in-
creases rapidly from the Moho downward, reaching possibly
1100-1200* C near 100 ka in depth and about, or not much
less than 1500* C at ?00 km in depth. In other words,
the temperature in this zone comes close to partial mel-
ting of the mantle material. But since not only P-waves
but also S-waves are trasmitted in this zone, and since
there are also earthquakes originated in this zone, the
strength of the earth, as calculated by Lord Kelvin from the
tidal distortions of the solid earth in response to the pulls
of the sun and moon, is more rigid than steel; this would
not allow fluid material to exist anywhere near the surface.
Therefore, the low velocity zone probably consists of highly
viscous plastic materials.
The low-velocity zone has a mean density of about
3.3. Below it the density increases gradually down to
about 950 km,, where the density reaches 4 (here all the
values of density have been reduced to the surface temper-
ature and pressure) and is then uniform throughout down to
2900 km depth, the boundary of the mantle and the core.
The mantle is definitely solid. Its composition is close
to peridotite or stone meteorites. But the homogeneous
lower mantle has a density higher than can be expected
from self-compression, so that it must either contain heavy
matter (e.g., iron) or consist of high-pressure polymorphs
of silicates of which we have little knowledge. The upper
portion of the mantle, excluding the layer of the crust-
mantle-mix, from nearly 60 km down to about 700 km,
including the low-velocity zone, consists of the remaining
part of the outer shell, to which, for the sake of simpli-
fication in terminology, the name "asthenosphere" is given
in this paper.
It is well known that at a depth of about 2900 km
the density shows a sudden increase of about 5 and the
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S-waves are not transmitted. Thus the depth of 2900 km
is generally taken as the boundary of mantle and core, and
at least the outer part of the core is considered to be li-
quid. But the inner core, as is also strongly hinted by
seismological observations, is probably solid. The inner
and outer cores are separated by a narrow transition zone
at about 4980 to 5120 km in depth, where the temperature is,
as suggested by Verhogen (see Fig. 7), near the melting
point of the material there. The density of the core is
relatively high (about 10.9 for both inner and outer cores).
The composition of the core is thought to be metallic,
perhaps mainly iron with probably 10% of nickel and about
20% of silicon, possibly not very different from the metallic
meteorites. The compositions of the outer and inner cores
are supposed to be the same; the difference between these
layers may be mainly in the temperature and pressure dis-
tributions. The liquid outer core is believed to be in
convection motion. The magnetic field of the earth is thus
believed to be produced by the electrical currents generated
in the core, as in a dynamo, by the convection of the
conducting material that moves across lines of magnetic
force within the core. In addition, it is also believed
that the irregularity of the earth's rotation is due to the
convection motion in the outer core.
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Fig. 7. Possible temperature distribution in the
earth. The dashed line tentatively rep-
resents the melting point.
(After Vernhogen, 1960)
V. THE HEAT GENERATION, STRESS DISTRIBUTION AND ENERGY
STORAGE IN THE EARTH
From the discussions in Section III, we see that
the main source by far of heat generation inside the earth
is the development of heat during the decay of radioactive
elements of rocks. The radioactivity in the earth generally
is believed to depend on both depth and time, but their
actual relationship is difficult to figure out, since what
samples of rocks we can collect are only from the uppermost
portion of the crust, where conditions may or may not be
similar to those at greater depth. Theoretically, however,
their relation is simply governed by the equation of heat
conduction,
c f= /t /-t -W'at- T7 501a
Where T is temperature, t is time, ft is the density (g/cm3),
o is the specific heat (cal/g-deg), h is the thermal conduc-
tivity (cal/cm-sec-deg) and H (r,t) is the rate of production
of heat by the radioactivity (cal/yr-cm3 ). Moreover, if
convection is to occur in the mantle, then a term v.Grad.T
is added to the left side of 5-la as
6/ (Atsrad T M9;1f 5-lb
where r is the velocity of the convection currents.
The solution of this equation presents considerable
difficulties since there are too many uncertainities in
the earth. Though several solutions have been made by
different authors (Slichter, 1941; Jacobs, 1956; Lubimova,
1958, etc.), the results are dependent greatly on the dif-
ferent assumptions of each author. For instance, the rate
of heat production by radioactivity is generally assumed
to be
5-2
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where hi(t) is the initial heat production per unit volume
and A;4is the decay constant of the ith radioactive sub-
stance. But actually H(r,t) is an unknown function of
r and t since the real distribution of the radioactive
elements in the earth is unknown and its change during geo-
logical time by means of decay is also uncertain. Further-
more, the thermal conductivity depends not only on composi-
tion, but also on pressure and temperature; JP is a function
of both depth and temperature; and so on. On account of
those uncertainties, it is not intended here to solve 5-1
under some new assumptions, but to use it to estimate the
relations between time and temperature at certain depths
which will be discussed later in this section.
Because of the impossibility of doing observations
or collecting samples at depths in the earth, almost all
of our studies about the earth's interior, we may say, are
primarily based on indirect information sources among which
the seismic waves are the most important. The study of heat
generation inside the earth, of course, has the same diffi-
culties as any other studies on the properties of the earth's
interior. The best we have been able to do up to now is to
study all the data or samples available on the surface and
then utilize the results obtained to interpret the conditions
in the depths by means of extrapolation of even of "guesses".
Therefore, from the study of the rock samples which can be
collected from the uppermost portion of the crust and the
meteorites from space, together with the information sup-
plied by seismic waves and other means, we can outline
an earth model (Section IV), in which the content of radio-
active elements at different depths and their heat gen-
eration may correspond to those listed in Table V-1. This
table indicates strongly that the main radioactive elements
tend to accumulate in the uppermost portion of the earth,
probably mostly in the outer shell. This is also supported
by other geochemical researches (McDonald, 1959).
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Then, by using the data in Table V-1, we may roughly es-
timate at least the order of magnitude of the heat genera-
tion in the earth's interior. Now, if we take the earth
as consisting of what has been drawn in Section IV, i.e.,
25 km of granite, 10 km of basalt, 25 km of rocks with
chemical constituents between those of basic and ultra-
basic, 140 km of ultrabasic, 2700 km of equivalent to stone
meteorite, and the remaining 3471 km equivalent to iron
meteorite; then the heat generated in the whole earth is of
the order of 2.8x10-6 cal/cm -sec, which is already twc
times the average energy dissipated in the earth by all
means (1.4x10-6 cal/cm 2-sec, see Section III). Besides, if
we also take into accoun$ the original heat, which, ac-
cording to Slichter, is of the order of 0,3x10-6 cal/cm2 -sec
(Bullard, 1954) then the total heat generation in the
earth is of the order of 3.1x10 6 cal/cm2 -sec...
That means, there would be about 1.7x10 cal/cm 2-see of
energy which has no way of being dissipated normally, but
is stored in the earth's interior, probably mostly in the
outer shell. In other words, the amount of energy stored
in the earth seems to be of the same order as that dis-
sipated normally, or even slightly larger. This amount of
"residual" energy would, as already pointed out in Section
III, tend to raise the stress level and temperature of
the outer shell until the time of the relatively sudden
release or dissipation.
TABLE V-1
HMAT QENRATION IN ROCKS (Af ter Verhogen, 1960)
Radioactive Content (g/g)
Rock Type U Th K Heat Generation
Total Total (cal/g-sec)
Granite 4.Oxl0 6  1.0X10-5 3.5x10 2  2.2x10-13
Basalt, gabbro 0.6x10 6  3.010-6  1.0x10-2  0.3x10-13 .
Dunite 1.5x10-8 4.6x10-8  1.0X10-5 0.6x10-15
Stone meteorite 1.0x10-8 3.5x10-8 8.3x10~ 1.x110-15
Iron meteorite 1.0x10 1 1 1. x10 1 1 0.3x10 6  0.5x10 1 8
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After the approximate estimation of heat that could
be generated inside the earth, now we may turn to the
problem of the distribution of stresses thus raised and the
possible time dependence of the temperature. In order to
investigate this problem, at first, because of the com-
plications and uncertainties in the earth's interior, we
should restrict our attention only to the most important
part, the outer shell, which can be treated as a spherical
shell, Then, on account of symmetry, its three non-zero
stress components, the radial component 0i7, and two tangential
components ([2, must satisfy the condition of equilibrium,
in the radial direction, of an element of the shell
(F' rj cf r f ;)=D 5-3
where fdsinO is the body force due to the rotation of
the earth, 0 is the co-latitute, d. is the speed of rot-
ation of the earth, and -fg is the body force due to
gravity. Then, the stress-strain relations, if the
temperature distribution is assumed symmetrical with res-
pect to the earth's center, are
,'- ~2j6% 5-4a
)J(77 5-4b
or 7 5-5a
7+ 2t 76fr -- 0i~jd T  5-5b
where p o 1/m is Poisson's ratio. O/ is the thermal co-
efficient, and T is the temperature. Also, if u denotes
the radial displacement, then the strains can be expressed
as dle
5-6a
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5-6b
Substituting 5-6 in 5-5, then 5-5 in 5-3, we have
The solution of this equation presents certain difficulties,
which are mostly due to the uncertainties of the dependen-
cies of g or r, P on r and T, T on r and t and of other
physical constants. But, in the outer shell, we may, for
simplicity, assume g is constant throughout andf is a
linear function of r only. Or, g - 980 cm/sec , and
f~~~) - /f K -.789-2.2i~
where f. - 2.76 is the density near the surface, f 4.30
is the density at the lower boundary of the outer shell,
R = 6371 km is the average radius of the earth, and r-
5671 km is the average inner radius of the outer shell.
Then the solution of 5-7 is
-f-6 
-1-2a
where Cs, C2 are constants of integration to be determined
later from boundary conditions, and the body force'f .r.sin$
is neglected because of its small order of magnitude com-
pared to that of fg. This solution can be substituted in
5-6, and inserting the results in 5-5, the stresses can
then be expressed as
CS - 8 zz u f r 2 . r,4'x A- au j , d r6),5 9
- z( 2 A -9a /
r4 !o 5-9b
-' T/ r ; /-
- , .$ 2,V,_ -
Here, difficulties yet rise in the detemination of the
constants C and C2 and in the formulation of the dependence
of T on r and t. However, we may assume that it is nearly
hydrostatic at the lower boundary of the lithosphere,
or T f 2,iz12 c''
where T1 is the temperature at the lower boundary of the
outer shell. Also, in a considerably short time period,
T can be assumed to be in a steady-state and depends on r
as follows
T' P7/f 3g71,, 5-10
Then we have
5-11a
-2,.y; 7~) 77/x/ /"Z
-' 5-11b
where /X is also assumed independent of r. And the stresses
are rewritten as
.44ffxP/ ?~/ 
-/pXI(9/)L~/(f ? 5-12a
/00 4§ h *2 -2. t/ t r At4 ) r
4- 5-12b
a /I- / I Rk)
These are the main expressions for the stress distribution
in the earth's outer shell.
In the above derivation, we have assumed that the
temperature is in a steady-state and dependent on r only.
Actually, the temperature is a function of both r and t
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and is presumably governed by the equation of heat con-
duction (5-1). In order to investigate the dependence of
T on t, we may solve 5-1 under some particular assumptions.
First, if we consider some depth d in the lithosphere,
where convection is negligible and both the thermal con-
ductivity h and the temperature gradient (l1fgare independent
of r (i.e., constant when r is constant), then the solution
of 5-1 at a point at this depth is
7," 5-13
where Cd is an integration constant to be determined from
the boundary conditions. Here, because all H, )6 and -/
are directly or indirectly dependent on t but their relations
are uncertain, the exact expression of T by means of t
is still unknown. However, if we assume )P and L/ are
independent of t, and H(R-d, t) takes the form of 5-2,
then 5-13 becomes
(T/ 5-13a
This equation shows the relation between T and t under the
assumption that H is the main source of heating-up in the
lithosphere. By applying this equation to the lower boun-
dary of the lithosphere (d = 60 km), as approximate estima-
tion is obtained which shows that it would take on the
order of 10 years to increase the present temperature
there to the melting point. Since we know that the age
of the earth is only of the order of 3-5x109 years, this
estimation may at least imply that the temperature change
in the lithosphere is extremely slow and that it has never
been melted again since its formation. Of course, the error
of this estimation is considerably large.
Now, if we also consider the region where con-
vection is effective, such as in the asthenosphere, then
the particular solution of 5-1 at a point at some depth d
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-d rd 5-14
In order to obtain the exact expression here, again we
use assumptions for f/ , ad, and H in 5-14 similar to those
of 5-13. Moreover, we also assume ' and ( (T/ Or)d to
be constant. Then 5-14 can be rewritten as
/_ R ,4 5- 14a
By applying this equation to the depth of 300 km, or the
beoundary of the intermediate and deep earthquake zones,
which is nearly at the center of the outer shell, a rough
estimation shows that an increase from the present tem-
perature there to the melting point would take on the
order of 106 to 07 years, which is surprisingly consistent
with the geological time scale; that is, if the energy
accumulated in the outer shell is actually released by some
relatively sudden means before it startt to melt the lower
portion of the outer shell, then the time needed for an
unmolten asthenosphere can be correlated with the geological
epochs, whose classification is primarily based on the
geological catastrophisms.
The above estimations of the probable maximum
time for the energy accumulation in a "solid" outer shell
are, of course, quite approximate, since the real relations
between the thermal energy, temperature and time are not
yet clearly known. Most probably, the increase of temperature
or the raising of stress level is mainly due to the "resi-
dual" energy storage or accumulation in the outer shell,
which may closely relate to the entropy or internal ener-
gy of the earth. The investigation of the thermodynamical
relations of the earth is difficult and beyond the purpose
of this paper. Here, then, we would start the investigation
of the energy storage problem simply from the following
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strain-energy equation,
rE=6| -1-2a ,)e/5 5-15
where dV is a small volume in the outer shell in which a
small amount of energy dE is stored. The strains 6-, -
are obtained by substituting 5-8 in 5-6; they are
r 'f222Px a /-~,6x/ 21 q
f(R-i 4 I x 4 x - 5-16a
x5-16b
where C and 02 are the same as those of 5-11.
Most physical constants of the earth, as we know,
are not exactly known. However, in the outer shell we may
take, analogous to that in Section I, p = 1/M - 0.250,
E - 1012 dynes/cm2 and 01= 5x10-6 om/deg, Substituting
these values in 5-12 and 5-16 we have
CIE= - ' A e&6uo~i-r 0/A{ t "'- 4irt2ir?
(4-hi -. &#e xio' A(4#~/)+2, ~/o'(P-rYso7Auff 5-17a
(R-/J- rf)? +7.6'x, o 7 ~2
5-17a
-C,2 ef & A 2 _ -77 -7 r1
Itp
(F-2) --A.2'xio
5-18b
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Then, by substituting these values of stresses and strains
in 5-15, we can express the energy diE as the product of a
very long and complicated function of r and the volume dV.
The integration of this product over any volume is diffi-
cult and tedious. Fortunately, the orders of magnitude of
the many complicated terms are very small compared to those
of the simple ones and can be neglected, so that d i. can be
approximated as
dE Ozr 7xiO"479,+ ev-rEsw
S2 /~ //. 07 5-15a
By integrating 5-15a over an earthquake region, we can get
the magnitude of the energy stored in the region as
5-19
This is a generalized form. If we take the region as in
circular form as before, then the magnitude of the energy
stored in it is = 11.913xlO2 0 Tr2 = 6.250xl036 ergs or
l.986x1014 ergs/cm3, which is much larger than the "maxi-
mum" energy stored in an isostatic block, calculated by
Tsuboi (1940) from the linear strain-energy equation (about
5x103 ergs/cm3). And it is evident that this amount of
energy storage is also uzich larger than the energy released
by earthquakes, of which the largest is only about 1025 ergs.
The above comparison may imply that the earthquakes are
only local means of release of energy or that the energy
which can be stored in an earthquake region is much larger
than that released by earthquakes; i.e., earthquakes may
only represent the failures resulting from local stress
conditions which may have little influence on the regional
stress level. The regional raising of stress level due to
the accumulation of energy would produce failures of a much
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larger scale along the geofracture or the earthquake zones,
which may result in the shift of the earth's solid shell,
as we have repeatedly mentioned. Otherwise, if the eneXrgy
stored in an earthquake region were released by earthquakes
only, it would take at least 6.25Ox1021 years, even
without allowance for the accumulation of the "residual"
energy. Moreover, even when all the normal means of energy
dissipation are considered, it still would take 6.44x1011
years, which is much longer than the age of the earth.
Now, if we integrate 5-15a over the whole litho- ,
sphere, we can get the total amount of energy stored in the
lithosphere which is about 6.022x1039 erge or 1.986z10l4
ergs/cm 3. Similarly, it we integrate 5-15a over the asthe-
nosphere then the energy stored there is of the order of
5.147xlO ergo or 1 .781x1o14 ergs/m 3. By comparing these
two energy storages we may find an interesting fact: that
the average storage in the lithosphere is higher than that
In the asthenosphere by an order of 2.05x1013 ergs/cm3, In
other words, despite the increases of temperature and pres-
sure with the increase of depth, the energy storage in the
outer shell tends to accumulate more in the upper portion.
This pattern of distribution of the energy storage is a
very important factor in connecting the dynamics of earth-
quakes with the shift of the earth's solid shell, and it may
easily be interpreted by the conditions of heat transport
and temperature gradient in the earth.
We have repeatedly mentioned that the thermal con-
ductivity of the earth is very low, so that if heat were
transferred by conduction alone any sudden change in tem-
perature at the surface would take 200,000 million years
to reach the center and vice versa (Jacobs et al., 1959).
Moreover, the conductivity decreases as the temperature
rises. Therefore, many geophysicists believe that the
present surface heat flow is due essentially to the thermal
conditions that prevail in the top few hundreds of kilometers.
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This is probably true and corresponds to the phenomenon that
radioactivity tends to concentrate in the upper portion of
the solid shell. But we know that the transport of heat
inside the earth is not by conduction alone, and that both
convection and radiation become increasingly important
as the depth or temperature increases. Convection occurs
only below the lithosphere; if it does occur, its rate of
heat transport would greatly exceed that of conductivity,
even if velocities are as low as 0.01 cm/yr (Vergogen, 1960).
Actually, the velocity of convection currents in the mantle,
as calculated by Licht (1960), is of the order of 3.6 cm/yr.
Thus, convection is a dominant agent of heat transportation
below the lithosphere and it carries the radiogenic heat
liberated in the lower part and also the original heat
upward. Similarly, heat transport by radiation in the
lithosphere is also negligible; but it becomes effective at
depths where the temperature exceeds 1500* or 2000* K
(i.e., about the low-velocity zone) and then tends to be
increasingly important with increasing depth as proportional
to T3, the third power of absolute temperature. Therefore,
we come to the view that below the lithosphere heat transport
is dominated by convection and radiation, but that these di-
minish rapidly through the low-velocity zone to negligible
importance at the bottom of the lithosphere; there conduc-
tion takes on the job of transportation, but is much slower
in rate. Moreover, because of nearing the surface and the
decreasing conductivity of the rocks, which reaches a
minimum near the surface (Gutenberg, 1959), the temperature
gradient would increase rapidly in the lithosphere (refer
to Fig. 7). By linking up this model of heat transport
with the problem of energy storage we may clearly see that,
in the asthenosphere, because of the relatively small
temperature gradient and the higher rate of heat transport,
a large portion of the energy liberated there or carried
up from below would be transferred upward. On the contrary,
in the lithosphere, the rate of heat transport is extremely
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slow, but the temperature gradient is high (which would
increase the thermostress and thus the capacity of energy
storage); thus the thermal energy would, aside from the
portion transferred gradually to the surface, tend to store
rather than to transfer. Thus the higher average energy
storage in the upper portion of the outer shell is to be
understood. But it should be pointed out that the tran-
sition of heat transport from mainly convection and radia-
tion to almost purely conduction would not be abrupt, but
rather gradual. We may think of the low-velocity zone as
the junction of transition i.e., it is a zone where the
higher rate of heat transport gradually changes to a much
lower rate. Thus, there may be a relatively higher energy
storage in this zone which would tend, if not to melt,
at least to reduce the elastic properties of the rocks
there, although, because of the mathematical difficulties,
we do not have results of calculation to support this
phenomenon. However, this relative energy concentration
phenomenon, in addition to Verhogen's phenomenon of the
approaching of the temperature to the melting point in tkbs
region, may have interpreted the existence of the low-
velocity zone.
At last, having outlined the model for the energy
storage in the outer shell, we may summarize it in this way:
as time goes on, the accumulation of the "residual" energy
tends more and more to the upper portion of the outer shell
(the inverse proportionality of the frequency of occurrance
of earthquakes to the depth may also support this phenome-
non). In other words, the raising of the stress level in
the upper part of the outer shell is faster than in the lower
part; but, on the other hand, the increase of temperature
in the lower part is faster and would tend to "push" more
energy upward. Then, after a considerable period of ac-
cumulation, the stress level in the outer shell would
reach such a value that failures would be expected to occur
along the major geofracture or earthquake zones which might
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give large part of, or even the whole outer shell a shock.
The total 'Angular momentum of the earth is conserved as is
that of the core. This "great shock" would Ubqtefore cause
the outer shell to experience a torque which would give it
a new "temporary" angular velocity causing part of, or
the whole solid shell to slip along the one or two
boundaries in the earth's interior. Consaquently, catastro-
phisms, such as relative movements of continents and ocean
basins (continental driftt), uplift and submergence of
lands (epeirogenesis), folding and faulting (orogenesis),
world-wide after-shocks, fierce volcanic eruptions,
intense metamorphisms, etc., would take place on or under
the earth's surface and would delineate the different
epoche of the geological history. The energy accumulated
would, of course, be dissipated during the great shook
and consumed by the after-shock shifts and catastrophisms.
Then the earth would gradually come back to a relatively
"quiet" period of energy accumulation, again waiting for
new great shocks. In addition, we may compare the earth
to a rotating nut. If the nut is heated slowly from
inside, as time goes on, it will eventually crack its
shell. And, if its kernel is still kept constantly
rotating during the cracking, then the cracking will surely
cause a relative shift between the shell and the kernel,
if the boundary between them slips easily.
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VI . THE POSSIBLE BOUNDARIES OF SHIPTING
In the last section we said that the storagc of the
thermal energy generated in the earth would eventually cause
a shift of the earth's solid shell. Now, before going in-
to an investigation of the mechanism of the shift, a survey
of the possible boundaries where shifting could take place
is not unnecessary because their location would effect the
mechanism of the shift very much.
From the discussion in Section IV, it may be clear
that, in view of the rigidities of the different parts of
the earth, there are only two possible places in the earth's
interior, namely the mantle-core boundary and the low-
velocity zone beneath the lithosphere, along which relative
movements could take place. Na (1953) has first suggested
that the mantle-core boundary might be the possible boundary
of shifting because the low viscosity of the liquid outer
core would give this boundary a friction smaller than that
at any other place in the earth's interior. He also argues,
in a series of his papers, that because the centrifugal
force, which causes the bulging of the earth, is proportional
to the radius of the rotating body, the eccentricity of
the solid shell is larger than that of the core; that is to
say, we can treat the solid shell as a spheroid, but the
core must be treated as a sphere. Then, a change of la-
titude resulting from the shift of the solid shell would
cause uplitting and submerging of the surface relative to
the hydrosphere, since the eccentricity of the surface of
the solid shell is a function of latitude. The latter
would maintain its spheroidal symmetry with respect to the
instantaneous axis of rotation (see Fig. 8). As Na has
calculated, if the shifting is really to take place along
this boundary, then a shift of * would cause an uplift
or submergence of nearly 2000 meters. This hypothesis,
as argued by Ma, can interpret almost all the geological
puzzles related to the epeirogenesis, such as, for instance,
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the ice age, the formation of the glaciers, the formation
of the submarine canyons, etc. For the above reasons,
together with the magnetohydrodynamical nature of the
outer core and the dominant angular momentum of the solid
shell, we would like to say that a relative slip along the
mantle-core boundary could occur reasonably easily if a
couple occurs along the boundary.
The nature of another possible boundary, the low-
velocity zone, has been
discussed in considerable
detail in Sections IV and
V. Because of its plastic
or even partially melted
nature, it is not incon-
ceivable that a relative
slip would take place
along this zone if there
were a couple occurring along
it. Moreover, because of the
transitional and ill-defined
boundaries of this zone and Fig. 8 Symbolic Model
its different depths beneath Solid thel Sover the
the continents and ocean
basins (Dorman et al., 1960),
the relative uplifting and submerging of the earth's surface
by an order of several thousands of meters as a result of
shifting along this zone is also comprehensible. But, with
regard to other factors such as the high viscosity of the
zone, the inability of the brittle and thin lithosphere to
stand a total shift, etc., we may think that there could be
a relatively slow and limited displacement of part or parts
of the lithosphere blocks taking place along this zone
which would result in the so-called continental drifts.
Therefore, in conclusion, the most probable boundary of
shifting may still be the mantle-core boundary; the low-
velocity zone can probably be treated as a subordinate one,
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but it would play a more important role during the after-
shock readjustment. This point will be discussed in more
detail in the later sections.
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VII. THE MECHANISM OF THE SHIFT
At the end of Section V, we have briefly mentioned
that a great shock would take place along the geofracture
zone in the outer shell as A result of the thermal enegy
accumulation and it would tend to cause the shift of the
solid shell. The mechanism of the shift as caused by the
great shock may be easily resolved if we consider the earth
as a spheroid rotating with constant angular momentum as
we have also mentioned at the end of Section V.
The problem of the shift of the earth's solid shell
is primarily the problem of the instability of the earth's
rotation axis. "A spinning sphere would," as Gold (1955)
has pointed out, "possess no stability of its axis of
rotation at all; the smallest beetle walking over it would
be able to change the axis of rotation relative to markings
on the sphere by an arbitrarily large angle; the axis of
rotation in space would change by a small angle only."
The shape of the earth is, owing to its small eccentricity,
a spheroid which is very nearly spherical, so that any
redistribution of mass in its outer part will cause an
appropriate change of the instantaneous axis of rotation.
By keeping this point in mind, the resolution of the
shift mechanism becomes straight-forward. But, before
discussing the main subject in depth we shall digress a
little while.
At present, as we know, the solid part of the earth
is very nearly the equilibrium shape appropriate to the pre-
sent speed of rotation except that the irregular distribu-
tion of continents and oceans still gives a slight inconsis-
tancy between the instantaneous axis of rotation. adv the
principal axis of the greatest moment of inertia of the
earth. In order to bring the axis of rotation to coincide
with the principal axis of the greatest moment of inertia
and hence to possess less kinetic energy than if it rotates
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with the same angular momentum around any other axis, this
inconsistency would cause a torque,
2 w71-1
about an axis rotating with the earth (Lamar and Kern, 1962).
Where Ao is the speed of rotation of the earth, C, B and
A are the principal moments of the continent-ocean system,
and t(c is the angle between the axis of the principal mo-
ment C and the instantaneous axis of rotation of the earth.
Many geophysicists have linked this torque up with the pos-
sible cause of polar wandering. This torque is comparatively
small (of the order of 1028 ergs); and it may be, as sug-
gested by tamar and Kern (1962), largely balanced by the
probable phase changes in the upper mantle. Moreover, the
present distribution of continents and oceans may not be
permanent; it may very probably be merely the relics of the
last shift of the solid shell which has not yet completely
readjusted to the equilibrium state with respect to the
instantaneous axis of rotation. Therefore, it is im-
probable that the irregular distribution of continents and
oceans would be the main cause of the Mhift; however it
would tend to increase the degree of instability of the axis
of rotation. That is to say, it would reinforce the shift
in throwing the solid shell out of balance when the great
shook we are concerned with takes place. Furthermore,
probably the distribution of the continents and oceans
would never reach its equilibrium position with respect
to the axis of rotation at all, for its rate of readjustment
may largely be restricted by the probable phase changes
in the upper mantle as previously mentioned and the successive
shifts which may occur before it has reached its final
equilibrium position.
In the second paragraph we have discussed how this
shape of the earth has given the axis of rotation high %t-e
stability: this high instability would lead to the high
feasibility of polar wandering due to any form of redib-
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tribution of mass in the earth. Gold (1955) suggests that
the redistribution of mass due to slow plastic flow in
the earth may cause slow polar wandering. But, as he
himself also points out, his plastic flow hypothesis could
not interpret "a few occasions when the axis has been 'free'
and has swung around as rapidly as would be given by the
stiffness of the earth and the rates of tectonic movement"
which "have served geologists for the division of time into
geological epochs." Whether the plastic flow has really
caused the polar wandering or just plays an important
role during the after-shock readjustment is another question.
However, if we consider that a comparatively rapid re-
distribution of mass in the outer shell really occurs as
a result of the great shock mentioned, we would fulfill
those "few occasions."
In order that the mechanism of the shift of the so-
lid shell due to the great shock be resolved, first we have
to refer back to Section II. In that section, we mentioned
that the distribution of orogenic belts or geofracture zones,
along which the great shock takes place, varies from time
to time, Moreover, since the outer shell is randomly
fractured and heterogeneous, the probability of occurrence
of the great shock along which zone should also be dif-
ferent from time to time and probably log-normally distri-
buted. Similarly, the stress distribution is not uniform
everywhere in the outer shell, but rather approaches
concentration mainly along the geofractures, as has been
pointed out. As the energy accumulation continues the
raising of stress level immediately follows. Along the
circum-Pacific belt and some other places, this stress in-
crease may be shown by the uplifting of the island arcs,
for they are right above the geofrapture zones (Gutenberg,
1941; ?a, 1957). Moreover, since the geofracture zone is
not a single plane, but a randomly fractured complex with
several hundred kilometers in width and since the individual
fault planes in the zone are also randomly dipped, though
their lines of intersection may be more or less paralled to
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the strike of the orogenic belt (refer to Section II). The
stress distribution within a zone is not uniform everywhere,
but is dependent on the patterns of fault planes and other
physical conditions of each different place. This may be
shown by the different values of isostatic anomalies and
different speeds of uplifting (in some places even sub-
merging) in different places along the island area. And,
because the complexity of the zone gives high friction, the
stress would not be dissipated by the slow uplifting. Be-
sides, it is also fairly reasonable that there would be
local achievement of the maximum stress distribution which
causes earthquakes, but this has little influence on the
regional stress level. Then, as time goes on, when the,
regional stress level reaches its value of failure, the
occurrence of the great shock along the zone would be
expected. When the great shock first takes place, in order
to release the strain resulted, there would be a tendency
of upward motion. But, since an upward motion needs tre-
mendous kinetic energy to maintain the increase of potential
energy, the vertical component of the motion would quickly
be balanced by the gravitational force of the earth, hence
only horizontal components would be left to cause a great
relative horizontal displacement of the mass blocks on
either side of the zone. This movement may be analogous
to the ordinary transcurrent faulting but much larger in
scale. It is just this great displacement which would take
the role of causing the shift of the solid shell.
It is clear that along a geofracture zone the ri-
gidities of rocks, the fracture patterns and other physical
conditions are not uniform, and therefore the velocity and
acceleration of the great displacement along the zone
will vary from place to place. Of course, the individual
faults in the zone will slip over each other during the
displacement. However, no matter how the displacement
occurs there would be a resultant or net acceleration which
can be associated with the center of mass of the displaced
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blocks of the outer shell moving in a particular dir-
ection. Then, the displaced mass will produce a torque
in the direction of the acceleration, given by
== /m r - 7-2
about an axis .through the center of the earth, where r is
the distance frori the center of the earth td the center
of mass of the displaced block, M is the total mass and v
is the resultant velocity of the displaced block. Simi-
larly, ri, mi, and v are the same quantities, respectively
for displacements of the different parts of the block.
We know that while the great shock takes place, the velocity
or the rate of the displacement increases almost suddenly
from zero to a maximum value, then gradually is damped
off by the friction in the geofracture zone. In other
words, the resulting torque might occur almost suddenly
(geologically speaking) and if the earth is a homogeneous
and perfectly rigid body with a stable axis of rotation,
it would tend to pull the instantaneous axis of rotation
away from its original position and hence cause a "rapid"
precession about a fixed axis or axis of reference in space.
But, actually, this is not the case since, first, the earth's
axis of rotation has a high instability, and secondly,
the earth is not a homogeneous and perfectly rigid body
at all. Thus the main response of the earth to the exe*
rtion of the torque would be that at first the displaced
block tends to rotate about an instantaneous axis giving
the blocks in front of it an impulse, and the blocks be-
side it shearing forces. If there were a lubricated layer
beneath the displacing portion of the outer shell and
this portion of the outer shell were rigid enough to stand
a total displacement, then the change in angular momentum
of the outer part of the shell due to the torque will
cause it to slip over the inner portion. Actually, such
a lubricated layer does not exist. The only possible place
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where slipping may be allowed is the plastic and ill-
defined low-veloctiy zone, but it may be included in the
portion of the outer shell which might slip. (This point
will be discussed in more detail later in this section.)
Thus, instead of causing precession as with a rgid body,
the immediate effects of the exertion of the torque might
only be pushing the displaced block and probably also the
blocks in front of it to slip slowly over the low-veloctiy
zone and causing the blocks beside it to slowly rotate.
These effects would die out gradually as the distance from
the displaced block increases. Moreover, on account of the
irregular shape of the lithosphere blocks and the non-
uniform exertion of the torque, all the torque-effected
blocks would have a tendency to self-rotation. (This
point is strongly supported by geological observations
and rock magnetic measurements. See Ma, 1960 and Jar-
detzky, 1962). This is the so-called continental drift.
On the other hand, the weaker parts of the lithosphere
between the stable masses would tend to be folded and
faulted by the "drift" and thence form the orogenic belts
and geosynclines. Thus the very poorly sorted but thick
geosynclinal deposits can be easily interpreted as a
result of large scale "pour-in" of the ordinary contine-
ntal shelf sediments during the time of the "drift" (Ma,
1955). But, because of the high viscosity of the low-
velocity zone, the drift of the stable masses would be very
slow compared to the great shock and rather limited in
scale, and would be damped out gradually by the plastic
flow. Most portions of the torque, therefore, would be
transfered to the deeper part of the earth until another
easy-slipping boundary, the mantle-core boundary, was
reached (refer to Section VI). Along this boundary, nat-
urally, according to the law of conservation of angular
momentum, the transferring torque would make the solid
shell slip over the core in order to bring the angular
momentum of the whole earth back to a constant value again.
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This is what we mean by "the shift of the solid shell"
and it may play the main role in causing the uplifting
and submerging of the lands or the epeirogenesis (refer
to Sections V and VI). Here, it should be noted that,
since the torque depends also on r, the distance between
the rotation axis and the point at which the torque is
exerted, the portion of the torque transfered to the mantle-
core boundary from the outer shell will be much smaller
and it will be damped gradually by friction and probably
also by the magnetic coupling produced by the core until
consistency of rotation between the solid shell and the
core is established. Then the plastic flow, perhaps
mostly occurring in the low-velocity zone, will take the
role of readjusting the earth's unbalanced shape gradually
back to equilibrium.
Mathematically, the mechanism of the shift may be
simply expressed. First, we may assume that during the
great shock the angular momentum of the earth is still con-
served with respect to the fixed axis of rotation in space.
It can be expressed as
610 -7 e,7-3
where I I1 and I are the moments of inertia of the whole
earth, the core and the solid shell without the mass M
about the axis of rotation, respectively; c,,co ande4
are the corresponding ppeeds of rotation; and the term Mrv
is the angular momentum corresponding to that in 7-2.
Then, accordingly, the change of angular momentum during
the shock is
(A 7_v7-4
where Ic - dc 2/5(4/3 7rr)r2 is constant at any time since
the spherical core retains its shape and radius. This
equation represents clearly the mechanism of the shift,
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since the term in the left side of the equation is the
torque of 7-2. It is balanced, first, by the change of
angular momentum in the solid shell which is represented
by the relative movement along the low-velocity zone and also
the change of the rotation speed, and second, by the coup-
ling along the mantle-core boundary which results in the
change of the rotation speed of the core. Furthermore,
from the exposition of 7-3 and 7-4 it may be conceivable
that after the great shock, the speed of rotation of the
earth would be changed, since, from 7-3 we have
66- ==- cO {f , L) 7-5
Then Ct) - nl 4c= ([- ,,i 7-6
where o is the after-shock speed of rotation of the earth.
This clearly shows that, in order to conserve the angular
momentum the speed of rotation of the whole earth has to
decrease a factor X(6AhZi)-to accord with the change of the
moment of inertia of the earth about its fixed axis of
rotation in space as a result of the great shock. This
supports the idea that the earth's speed of rotation has
changed significantly (decreasing) in geological time
(Gold, 1955; Runcorn, 1962).
Now, having outlined the main mechanism of the shift,
some further considerations on subjects closely related
to the mechanism are needed.
At the end of Section II, we mentioned the hypothe,
$is of the possible counter-clockwise rotation of the
Pacific Basin. Benioff (1959, 1962) has estimated, from
the slips of shallow faults, that the slip rate is about
5 cm/yr. Actually, it is not very probable that slips
along the shallow faults would be going on continuously
in one direction to result in such great distances as
observed, for instance, by Hill and Dibblee (at least
560 km), Crowell (260 kma dating back to earliest Miocene),
Higgins (24 km with no definite correlations older than
Pleistocene) and Hamilton (480 km). Moreover, the great
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oceanic sinistral transcurrent faults found in the north-
eastern Pacific Ocean (Raff, 1961, 1962; Vacquier, 1962)
also give rise to contradictions to the counterclockwise
rotation hypothesis. But if we consider the great dis-
tances of displacement as simply the relics of the past
shifts, then all the difficulties could thence be easily
interpreted. For instance, the inconsistancy in distances
and directions of the displacement can be interpreted as
due either to the non-uniform displacement during the shift
or to the displacement of different shocks in different
time. Furthermore, by comparing the displacements resulting
from ordinary earthquakes (which are only of the order of
several meters) with the great "relic" displacements and
also the energy released by the earthquakes with that
available for the great- shock, we would expect that the
velocity of the great displacement should be at least as
large as that of earthquakes or larger. According to
Ben-Menahem, the rupture speed and extent of faulting
are not independent; his calculation shows that a faulting
speed of 4.5 km/sec will be consistent with a 1000 km
break (theoretically, an active segment of 750 to 800 km)
(Benioff, 1962). The great shock, if it occurs, would
surely give rise to a much larger break than that of
ordinary earthquakes; accordingly, a rather large displace-
ment velocity of the great shook is plausible.
Benioff (1962) has pointed out that, for a trans-
current fault, the relative displacement of the side blocks
is proportional to the effective faulting depth (see Fig.
9). Thus, for a total displacement of 560 km as given by
Hill and Dibblee, the depth should be some hundreds of
kilometers, which cannot result from ordinary earthquakes.
In order to get out of this difficulty, he assumes that
faulting only extends down to some discontinulty which
acts either as lubricated contact or else as an additional
horizontal fault surface. But, whether thertis any
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evidence to support the
existence of this dis-
continuity is quite
doubtful. However, if
we interpret the great dis- -
placement as the result
of the great shock, then
the Benioff's difficulty
will be easily resolved.
Since the great shock is
an expression of the re- Fig. 9 Symbolic Model
gional failure of the of the Great Displacement or
stressed outer shell C
as a whole, naturally its rupture would be down to the bot-
tom of the shell; that is to say, the failure occurs in
the whole geofracture zone or the reverse fault complex
described by Benioff (1954). (Refer to Section II.)
Thus it is conceivable that the slipping-over along the
low-velocity zone is rather limited, of an order of at
most hundreds of kilometers as implied by the horizontal
displacement between the intermediate and deep earthquake
zones (Benioff, 1954). Moreover, if we regard the rupture
of the great shock to be continuous, there could not be
any discontinuity between the intermediate and deep earth-
quake zones, and thus the dip change there may be only an
expression of the different rigidities and other physical
conditions (temperatures, pressures, etc.) of the litho-
sphere and the asthenosphere, which determine the fracture
pattern. The change may be rather gradual than abrupt
and probably also distorted by the drift and the after-
shock readjustment flow.
In all the discussions above, one thing is conspi-
cuous: we have completely neglected the first upward move-
ment of the great shock. Actually, as pointed out by
Gold (1955), the upward movement is just equivalent to
adding excess mass to the rotating earth; for instance,
he has calculated that a sudden raising of a continent
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of the size of South America by 30 m would separate the
rotation axis and the axis of figure by an angle of the
order of one-hundred of a degree. Thus, similar to the
irregular distribution of continents and oceans, the non-
uniform raising of mass by the upward movement of the
great shock would also produce a torgue which might re-
inforce the torque produced by the great horizontal dis-
placement.
Finally, in order to conclude this section, we
may give a rough estimation of the order of the magnitude
of the main torque. If we take the 'mass' of the displaced
24 8block to be of the order of 10 gm, r pf the order of 10
cm, and the acceleration of the order of 103 cm/sec2 *
then the torque would be of the order gt 1035 ergs; it is
much closer to the magnitude of the enery stored in the
outer shell, which is of the order of 10 ergs, than
to that of other causes. The deficiency in magnitude of
the torque as compared with that of the entrgy stored is
quite reasonable, since, as we have discussed at the end
of Section V, there would be a large amount of energy
being consumed by all the resultant catastpophisms. 'Be-
sides, after the great shock, surely most portions of,
the energy would still be left in the outeP shell, an4
what is released is only the accumulated thsarmal enezt;
This is supported by an estimation which shOws that 10
ergs is nearly the order of magnitude of the "residual"
thermal energy accumulated in the earth in 10 years.
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VII. MORE COMMENTS AND CONCLUSIVE DISCUSSION
In preceeding sections, we have discussed principally
the main conception of the dynamics of the shift of the
earth's solid shell as deduced from seismicity. Now, be-
fore going into a relatively conclusive discussion, there
are still several more points which need to be discussed.
I. In the last section, the discussion of the
after-shock mechanism is almost neglected. Actually, the
after-shock mechanism may play the most important role
in the relative movement of the continents and basins, or
the continental drift. Because of the high viscosity of
the low-velocity zone and the high friction between the
fractured lithosphere blocks, the drift may be very slow and
may last a considerable length of time. With this point
can be correlated the formation of orogenic belts, since
from geological observations, the mountain-building or
tectonic movement would, though geologically speaking
it is fast, last a considerable period, probably tens of
thousands of years. Moreover, during this period, the
large amount of energy left by the great shock would be
consumed by the many catastrophisms mentioned in Section
V. For instance, because of the sudden decrease of stress
level by the great shock, the pressure in the outer shell
will consequently decrease considerably, especially near
the rupture zone. On the contrary, the temperature near
the low-velocity zone has not only been raised to near
the melting point, but has also even been increased by the
friction of the drift. Therefore, the material in the
low-velocity zone would be melted and would ascend up
along the geofractures and form the basalt plateaus and
basic volcanoes in the oceanic areas because the lithosphere
is thinner there. Similarly, intense metamorphism or
granitization would take place beneath the continents
and will form the large granitic intrusions and the acidic
volcanoes.
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In comparing the speed of the continental drift to
the shift of the total solid shell or the epeirogenesis,
we see that the latter is considerably faster, because of
the rather low damping forces along the mantle-core bound-
ary. The speed of the shift may be evaluated from the hint
of the refrigeration of the mammoths and rhinoceri in the
frozen ground of Siberia, for the undigested grass in the
stomachs of the preserved animals might imply that the shift
is considerably fast (Ma, 1960). But the after-shock
readjustment of the solid shell to the equilibrium shape
with respect to the rotation axis is comparatively stow
and may never reach the state of complete equilibrium,
since, besides what has been pointed out in the last section,
most of the readjustment plastic flow might take place
in or beneath the low-velocity zone, thus it would have
little effect in adjusting the distribution of the surface
features, The idea of the occurrence of most of the re-
adjustment flow in or beneath the low-veloctiy zone may
be supported by the irregular depths and the asymmetry
with respect to the center of the earth of this zone
(Press, 1961).
At last, one more thing should be pointed out: as
we have mentioned in Section II, the stable masses are
believed to be formed by the gradual rigidification of
paleoorogenic belts around certain nuclei; then, as the
stable masses enlarge, the rate of continental drift should
gradually decrease during geological time,
2. After the great shock, of course, the convec-
tion currents in the mantle would be disturbed. The read-
justment of the convection currents may be of conside-
rable importance for the readjustment of the surface fear
tures, the isostacy, etc., and may also have an effect
on the transportation of heat and hence on the length of
the following inter-shock period. For example, if we
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accept the theory that the formation of geo-synelines is
aided by the descending convection currents, then the dis-
turbed descending currents should tend to shift to the
places where the new geosynclines are forming. Unfortu-
nately, this is contradicted for the high values of heat
flow measured along the orogenic belts. These measurements
show that, instead of descending currents, the orogenic
belts actually may be the places where the currents are
ascending.
3. The Magnetic measurements in the Pacific Ocean
have shown gigantic horizontal transcurrent faults in the
ocean floor; their, displacements sometimes reached for
more than 1000 km (Raff, 1961, 1962; Vacquier, 1962).
These faults could naturally be also thought of as resulting
from the great shock. This is because no matter in what
direction it is exerted, the torque produced by the great
shock can surely be separated into two components: i.e.,
one longitudinal and one latitudinal, These horizontal
transcurrent faults may be the productions of the exertion
of the non-uniform latitudinal component of the torque.
And, this may lead to the hypothesis of the zonal rotation
of the earth.
4. The inter-shock periods theoretically should
be more or less equal in length; actually, this is not the
case. The aperiodic nature of the great shock may be de-
termined by many factors such as, for example, the situa-
tion of the energy storage in the outer shell, the rigi-
dity of the lithosphere, the probability of occurrence of
the great shock in the geofracture zones, etc., which we
still do not clearly know,
5. Theoretically, we know that the grat shock,
as well as the earthquakes, represents failures in the
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stressed outer shell. But, about the factors which
determine the probability of occurrence of the failure we
still do not clearly know. It may be strongly excited by
the fatiques of many small forces, such as tidal action,
free oscillation, an infinitesimal change of the speed
of rotation, etc., of the earth.
6. At the present time, observations show that the
circum-Pacific belt may have the highest probability of
occurrence of the great shock, although this does not
imply that in the past it would have also. However, recent
investigations show that the Pacific Basin may have ex-
isted since the formation of the lithosphere; thus it
is possible that there could have been repeated occurrences
of the great shock around the Basin in the past, and that
the present circum-Pacific belt was formed by the latest
great shock. The high probability of occurrence of the
great shock along the circum-Pacific belt at the present
time based on these considerations: first, the asymmetry
of the two great circles may give sufficient resultant dc-
tetidtion for the torque; and secondly, according to Munk
and McDonald (1960), the present principal axis of the
continent-ocean system is in the vicinity of Hawaii
(about 76* to the present axis of rotation), so that if
the great shock took place around the Basin, the torque
produced would be reinforced by the torque of 7-1. This
conformity of torques may merely be a coincidence, but
it could imply that the distribution among geofracture
zones of the probability of occurrence of the great shock
may also be influenced by the distribution of the con-
tinents and oceans.
As we have already pointed out in the Introduction,
the dynamics of the shift of the earth's axis of rotation
is one of the basic but most controversial problems in
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earth sciences, The purpose of this paper is to do,
naturally, the same thing as has been done by numerous
geoscientists; that is, to find a most tenable solution for
the problem. If the hypothesis the writer has proposed
in this paper is proven to be very sound, it will mean
that the deadlock in the theory of polar wandering is
broken; then, many puzzles in earth sciences will be ac-
cordingly resolved. Of course, it is not yet time to
conclude definitely that the dynamics of the shift is
really as the writer has suggester; also many of the writer's
ideas mention in this paper could also eventually be
proven incorrect. But the discussions in this paper may
have given at least a clue to the very probable cause of
the excitation of shifting; the probability of this cause
exceeds that of the other possible causes by a factor of
about 107 , if the information about the earth's interior
on which the writer has based his argument is not far
from the truth. However, whether this hypothesis is
to be proven correct or incorrect will mainly depend on
studies in the future. Here, as has already been men-
tioned in the Introduction, what the writer has done is
merely a preliminary study.
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